Information is key to successful migration. Yet, how much information is learned and stored over the course of migration relative to other phases of the annual cycle is still unknown. We assessed seasonal variation in long-term memory formation indirectly by measuring the expression of cAMP response element binding protein (CREB) in hippocampal samples collected from migratory songbirds, Veery (Catharus fuscescens) and Wood Thrush (Hylocichla mustelina) at different life-history events (fall stopover, spring stopover, breeding season) during their first year of life. Consistent with our prediction, CREB expression was low during autumn (first) migration relative to levels in conspecifics during the first breeding season. These results suggest that young migratory birds may store relatively little spatial information during migration, particularly until they reach their wintering area and their global navigational map is more fully developed. Keywords: spatial memory, migratory birds, CREB, hippocampus Variación estacional en la expresión de CREB en la formación del hipocampo de aves canoras migratorias en su primer año: implicaciones para el papel de la memoria durante la migración RESUMEN La información es clave para una migración exitosa. Sin embargo, aún se desconoce cuánta información es aprendida y almacenada en el curso de la migración en relación con otras fases del ciclo anual. Determinamos indirectamente la variación estacional en la formación de la memoria a largo plazo midiendo la expresión de la proteína CREB (''cAMP response element-binding'', en inglés) en muestras del hipocampo recolectadas en aves canoras migratorias (Catharus fuscescens e Hylocychla mustelina) en diferentes eventos de su historia de vida (las paradas migratorias de otoño y primavera, y la temporada reproductiva) durante su primer año de vida. De acuerdo con nuestra predicción, la expresión de CREB fue baja durante la (primera) migración de otoño en relación con los niveles en sus coespecíficos durante la primera temporada reproductiva. Estos resultados sugieren que las aves migratorias jóvenes podrían guardar relativamente poca información espacial durante la migración, particularmente hasta que alcanzan sus áreas de invernada y su mapa global de navegación está más desarrollado.
INTRODUCTION
By integrating global and local cues with stored (genetically coded and learned) information, migrants successfully travel across continents and arrive at their breeding and wintering quarters with high accuracy (Berthold 2001 ). While we have extensive knowledge about the navigational cues used by a migrant to find the appropriate direction (Åkesson and Hedenström 2007 , Wiltschko and Wiltschko 2012 , Deutschlander and Beason 2014 , Holland 2014 , we are far from understanding how important en route learning is in meeting the challenges of long-distance migration (Alerstam 2006, Németh and Moore 2014) .
The adaptive advantage of learning is apparent with more informed individuals being better able to cope with environmental challenges (Dukas 1998 , Dall et al. 2005 . In theory, natural selection should favor individuals with the ability to learn and remember features of the landscape along their route as well as habitat characteristics at stopover sites (Mettke-Hofmann and Gwinner 2003) , thus minimizing unpredictability during passage and ultimately saving valuable time and energy by refueling at highquality stopover sites. However, increased learning and memory formation would require larger and more complex neural substrate, the maintenance and development of which would increase the energy and time costs of migration (Johnston 1982 , Winkler et al. 2004 ). Moreover, continuous compensation for wind drift and displacement in order to revisit learned, familiar stopover sites along the migratory route would further increase the energetic costs of migration (Alerstam 1979 , Catry et al. 2004 ). Thus, it remains to be determined how much migratory birds invest in spatial memory during migration relative to the breeding season when the benefits of long-term memory are more apparent (Godard 1991) .
Large-scale displacement experiments demonstrated that juvenile migrants must reach the wintering area before gaining the ability to correct for en route displacement (Perdeck 1958 , 1967 , 1983 , Mouritsen and Larsen 1998 , Thorup et al. 2007 , Chernetsov et al. 2008 ; but see Thorup et al. 2011 ). This suggests that migrants first learn features of the goal areas (breeding and wintering area) and home towards these familiar regions in subsequent journeys. Therefore, the first year, when migrants are laying memories for future migrations and breeding events, is critical for the development of their global navigational map. Consequently, we should expect lower investment in learning and memory during the first migration and higher investment when the migrant is at or near goal areas.
In this study, we investigated seasonal variation in long-term memory formation at different stages during a migratory landbird's first year of life. Our objective was to assess and compare long-term memory formation during migration (at a fall and spring stopover site) and at the beginning of the first breeding season in 2 migratory thrush species (Turdinae) that differ in migration distance (see below). Shorter-distance migrants, by definition, are always closer to goal areas than longdistance migrants, thus one would expect to see relatively higher investment in memory formation in those species during migration.
Given the inherent difficulties of measuring long-term memory formation around the annual cycle in migratory birds in the wild, we used a molecular proxy: cAMP response element binding protein (CREB) expressed in the hippocampal formation. The hippocampal region of the brain plays a critical role in learning and long-term memory formation, particularly for spatial information (Olton and Paras 1979 , Becker et al. 1980 , Sherry et al. 1992 . In birds, the hippocampus is involved in landmarkbased orientation and navigation (Bingman et al. 1990 , Gagliardo et al. 1999 , 2009 ) and thought to aid portions of the global navigation process (Bingman and Cheng 2005) . CREB is a transcription factor and an important component of an intracellular signaling system regulating a wide range of biological functions from spermatogenesis to circadian rhythms and memory (Silva et al. 1998) . CREB-responsive transcription plays a central role in learning and memory formation as well as retrieval across a variety of taxa ranging from insects (Goda 1995) and mollusks (Silva et al. 1998 ) to birds (Abe et al. 2015) and mammals (Yin and Tully 1996, Silva et al. 1998) . Moreover, hippocampal expression of CREB correlates with performance on memory tasks (Alberini 2009 ). Therefore, CREB should be an excellent candidate in assessing the degree of investment in memory, and we expect that the expression of CREB in the hippocampal formation of migrating and breeding thrushes positively correlates with the extent of long-term spatial memory formation.>
MATERIAL AND METHODS

Study Species
We chose 2 ecologically similar Nearctic-Neotropical migratory thrush species that differ in migration distance to test our predictions. The Veery (Catharus fuscescens; Bevier et al. 2005 ), a typical long-distance migrant that on average migrates more than twice as far between its breeding and wintering grounds than the Wood Thrush (Hylocichla mustelina; Roth et al. 1996) , a shorter-distance but still intercontinental migrant.
First-year individuals of Wood Thrush (n total ¼ 18) and Veery (n total ¼ 15) were collected during 3 periods within the annual cycle: fall migration/stopover along the northern coast of the Gulf of Mexico in Fort Morgan, Alabama, in 2005 Alabama, in -2006 ; spring migration/stopover along the northern Gulf coast in Johnson Bayou, Louisiana, in 2005 Louisiana, in -2006  and in the breeding season in northeastern Pennsylvania in Lackawanna County in 2006. Neither thrush species breeds at the fall and spring stopover sites (Roth et al. 1996 , Bevier et al. 2005 . Birds were captured passively using mist-nets, age determined by plumage characteristics (Pyle 1997) , and study subjects were euthanized rapidly (i.e. within seconds) via CO 2 . The carcasses were kept frozen at À208C until hippocampal tissue was collected and Western blot analysis was performed. The birds' hippocampal complex was identified as a paired structure located adjacent to the midline of the dorsal telencephalon (Atoji and Wild 2006) . The V-shaped structures of densely packed cells lying ventrally and medially were dissected and homogenized immediately in a lysis buffer. The remaining organs and tissues of the carcasses were used for several concurrent research studies (e.g., Squire et al. 2011 ).
Western Blot
Standard Western blotting analysis was performed as described previously (Tchantchou et al. 2007 ). Briefly, hippocampal samples were homogenized in a lysis buffer containing 50 mM Hepes, pH 7.5, 6 mM MgCl 2 , 1 mM EDTA, 75 mM sucrose, 2.5 mM benzamidine, 1 mM dithiothreitol, and 1% Triton X-100. Equal amounts of protein (20 lg) were resolved on a 12% SDS-PAGE, then transferred to polyvinylidene difluoride membranes and blocked with 5% nonfat dry milk. This was followed by overnight incubation at 48C with different primary antibodies, which included antibody against CREB (Santa Cruz Biotechnology, Santa Cruz, California, USA; 1:500). The blots were then incubated with horseradish peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology; 1:5000). Immunoreactivities were detected by an enhanced chemilunescence kit (Amersham Biosciences, Piscataway, New Jersey, USA). The immunoreactive bands from Western blots were scanned and the mean density was obtained with AlphaEase FC software (Alpha Innotech, San Leandro, California, USA).
Statistical Analyses
We conducted a 2-way ANOVA to test our 2 predictions. We did not find a significant interaction between the factors (species and season); hence, we tested for significant main effects with the interaction term removed from the 2-way ANOVA model. We used Tukey HSD post hoc pairwise comparisons to test for statistically significant differences in CREB immunoreactivity between seasons. Effect size estimates are provided with each test. Statistical significance level was set at a ¼ 0.05. All data analyses were done by SPSS 15.0 (SPSS, Chicago, Illinois, USA).
RESULTS
CREB protein levels in the hippocampus varied seasonally and differed between the 2 thrush species. The 2-way ANOVA indicated no interaction between season and species (F 2,27 ¼ 0.548, P ¼ 0.585, g 2 ¼ 0.039) but showed significant main effects for both season (F 2,27 ¼ 3.345, P ¼ 0.049, g 2 ¼ 0.187) and species (F 1,27 ¼ 29.651, P , 0.001, g 2 ¼ 0.506) (Figure 1 ). Tukey HSD procedure revealed that CREB protein levels were significantly higher during the breeding season than during fall migration (P ¼ 0.039). There was no significant difference between CREB levels in thrushes from the breeding season and from spring migration (P ¼ 0.426) nor between spring and fall migration (P ¼ 0.394).
DISCUSSION
Our study indicates that the extent of long-term memory formation may vary with season in first-year migratory thrushes as suggested by variation in CREB expression. CREB levels were lowest at the fall stopover site during the first migratory trip, when individuals had no prior experience with their wintering area, and highest during the breeding season, when the fitness benefits of being informed about the nest site as well as the boundaries, risks, and resources of the breeding territory and the surrounding landscape likely favor higher investment in long-term memory. While we did not sample thrushes on their wintering grounds, for species, which hold territories in the nonbreeding season, we would expect to find similar selective environment and degree of memory deposition to what we see in the breeding season.
Because CREB is a short-term marker of neural reorganization, CREB labeling provides information about what happens in the brain within a narrow time window, for example, on the day of the sampling. Thus we were able to assess the effects of current stopover sites on memory formation. These stopover sites were coastal sites at the edge of a geographic barrier, the Gulf of Mexico, which should be an important landmark during migration given the heightened energetic demand and risk of mortality associated with a trans-Gulf flight (Smolinsky et al. 2013 ). Thus, in this respect, it is surprising to see the lowest levels of CREB expression at the fall stopover site when migrants first face this barrier. Our findings are, however, consistent with the notion that landmark-based navigation and consequently the hippocampus may have relatively little importance during global navigation in long-distance migrants (Bingman and Cheng 2005) . Moreover, recent studies of repeated migratory journeys of individuals of Wood Thrush (Stanley et al. 2012) , as well as other species , Vardanis et al. 2011 , Dias et al. 2013 , have revealed high spatial variability of migratory routes and stopover sites. Recent evidence also suggests that, similarly to other species, migrating Veery use different routes in spring and fall, thus learning the features of a particular route would not benefit them on their next journey (Hobson and Kardynal 2015) . These findings further reduce the significance of a landmark-based navigation process during longdistance migration. Bingman and Cheng (2005) proposed that migrants might be guided by multiple navigational mechanisms working at different scales. For example, a low-resolution global geomagnetic grid could be the basis of navigation over large stretches of unfamiliar areas, whereas when the migrant approaches the goal area (wintering or breeding region) an olfactory map of atmospheric odors might provide better resolution during homing. Finally, on an even smaller scale, a landmark-based map could guide the migrant over the familiar landscape to its wintering or breeding home range. Thus, the hippocampus should have a serious role in fine-tuning navigation by integrating olfactory and landmark-based cues as the migrant is approaching its intended goal areas (Bingman and Cheng 2005) . Indeed, migration is associated with increased hippocampus size, neuron density, and adult neurogenesis, and migrants perform better on long-term spatial memory tests than nonmigrants (Healy et al. 1996 , Cristol et al. 2003 , Mettke-Hofmann and Gwinner 2003 , Pravosudov et al. 2006 , LaDage et al. 2011 .
The role of memory is particularly interesting during the first migration when the navigational map of hatch-year migrants is not yet fully developed. Our results are in line with Perdeck's hypothesis, which states that migrants have to experience and spend time on their wintering grounds before developing the ability to home after wind displacement (Perdeck 1958 , Mouritsen and Larsen 1998 , Thorup et al. 2007 , Chernetsov et al. 2008 . Based on this hypothesis one could predict that a juvenile migrant may invest little in long-term memory formation before reaching the wintering ground and rather navigate using primarily genetically programmed directional and distance information (Berthold 2003) . Once the wintering ground is reached, the new home range (or territory) will serve as a future spatial reference point. Furthermore, inexperienced and often displaced young birds frequently end up in low-quality stopover sites (Woodrey 2000) , thus learning landmark-or map-based cues during their first migration may carry relatively little benefits for future journeys.
Although little is known about the development and maintenance of hippocampus-based navigation with increasing migratory experience, another ecologically important behavior, such as singing, could provide cues to better understand how memory is solidified and retrieved over time. For example, after song development, age appears to be an important determinant of how long Zebra Finches (Taeniopygia guttata) can retain song when auditory feedback is lacking (i.e. due to experimental deafening). Older birds can maintain song for longer than younger ones, suggesting that repeated exposure and practice may be required for the solidification of memory (Lombardino and Nottebohm 2000) . Similarly, repeated exposure to en route features (e.g., visual, magnetic, and olfactory cues) could be essential for learning a single migratory route. Considering this along with the increased energetic cost associated with following a learned route, it may not be surprising that most long-distance migrant species show little stopover site fidelity, particularly far away from goal areas (Catry et al. 2004) . Indeed, most species that visit traditional stopover sites are longer lived and migrate in groups where social learning and the leadership of experienced, older individuals are critical parts of the successful navigation process Moore 2007, Mueller et al. 2013) .
The sampling design did not allow us to control for the effect of age in explaining seasonal variation in CREB levels. Although we investigated only first-year migrants, individuals at the time of their first breeding season (when CREB levels are the highest) are older than birds during their first fall and return migrations. However, the aging process is associated with decreased expression of CREB in the hippocampus (Chung et al. 2002) , indicating the low importance of age in this context.
We also observed significant interspecific differences in overall expression of CREB. Differences in any trait between 2 species can be attributed to multiple factors; here we discuss one of the potential explanations to generate predictions for future studies. Our observed interspecific difference in CREB expression could potentially result from differential selective pressures associated with short-and long-distance migration (Alerstam and Lindström 1990 ). Short-distance migrants are closer to their goal areas during migration, travel slower (Ellegren 1993) , and spend more time at stopover sites (Rabøl and Petersen 1973) . For example, Wood Thrush stay one day more, on average, than Veery, at the same spring stopover site in coastal Louisiana following a trans-Gulf flight (Wang and Moore 1997) . Geolocator tracking studies also show faster migration speed in the Veery in the spring but not in the fall (Heckscher et al. 2011 , Stanley et al. 2012 , McKinnon et al. 2013 ). This more relaxed schedule in shorter-distance migrants may allow them to select favorable weather conditions, and hence, more likely to revisit familiar, high-quality stopover sites without paying high energetic costs. Long-distance migrants, on the other hand, are faced with increased time and energetic demands (Alerstam and Lindström 1990) . These constraints may limit their ability to make energetically expensive adaptations such as increased neural investment in long-term memory formation or behavioral compensations against wind displacement in order to follow a learned route.
In conclusion, by using CREB levels as a proxy for longterm memory formation, our study is the first to explore the extent of long-term memory formation during migration and compare it to a stationary phase of the annual cycle. Our results suggest that first-year migrants invest less in long-term memory formation during their first migration than during their first breeding season. Our findings are consistent with current hypotheses (Perdeck 1958, Bingman and Cheng 2005) about the development of a migrant's global navigational map, which suggest that (1) a migrant will have to reach its wintering ground before gaining the ability to compensate for displacement and invest in en route long-term memory formation, and (2) hippocampus-related memory formation will be reduced away from goal areas. Finally, we found that the longerdistance migrant Veery had overall lower levels of CREB than the shorter-distance migrant Wood Thrush, which, among other explanations, could be due to correlation between hippocampus-dependent cognitive demand and migration distance. Given that we only indirectly assessed memory formation, our results and conclusions are preliminary in nature and warrant further study. Future behavioral studies of en route learning and memory formation throughout a bird's entire migratory journey are now possible, with the advancement and miniaturization of tracking technology (e.g., Gagliardo et al. 2014) .
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